Abstract-Plasma high density lipoprotein (HDL) levels show an inverse relationship to atherogenesis, in part reflecting the role of HDL in mediating reverse cholesterol transport. The transfer of HDL cholesterol to the liver involves 3 catabolic pathways: the indirect, cholesteryl ester transfer protein (CETP)-mediated pathway, the selective uptake (scavenger receptor BI) pathway, and a particulate HDL uptake pathway. Key Words: HDL Ⅲ phospholipid transfer proteins Ⅲ liver x receptor Ⅲ scavenger receptor BI Ⅲ obese mouse T he inverse relationship of plasma HDL levels to coronary heart disease (CHD) was first established on a population basis in a cross-sectional study of men of Japanese ancestry living in Hawaii. 1 The reverse cholesterol transport (RCT) hypothesis, initially enunciated by Glomset, 2 provides a cogent explanation for the protective effect of HDL. According to this proposal, HDL removes cholesterol from peripheral cells, such as arterial wall macrophages. Particular subfractions of HDL, such as the pre-␤-HDL fraction, 3 may be especially efficient at mediating cholesterol removal from peripheral cells. HDL cholesterol is then esterified by lecithin:cholesterol acyltransferase, forming cholesteryl esters (CEs). HDL CE is subsequently returned to the liver by 3 distinct pathways. In the first pathway, HDL CE is transferred to triglyceride-rich lipoproteins (TRLs) by cholesterol ester transfer protein (CETP), and then CE-enriched remnants of TRLs are removed from the circulation by receptors in the liver (Figure 1) . The second pathway involves the selective uptake pathway, ie, the uptake of HDL CEs without concomitant degradation of HDL protein. This pathway was first elucidated by Pittman and coworkers (Glass et al 4 ) and has recently been shown by Acton et al 5 to be mediated by scavenger receptor BI. Finally, there is a pathway that leads to uptake of holo-HDL particles and degradation of HDLassociated proteins such as apoA-I. In part, this pathway may involve the formation of large HDL, enriched in apoE.
T he inverse relationship of plasma HDL levels to coronary heart disease (CHD) was first established on a population basis in a cross-sectional study of men of Japanese ancestry living in Hawaii. 1 The reverse cholesterol transport (RCT) hypothesis, initially enunciated by Glomset, 2 provides a cogent explanation for the protective effect of HDL. According to this proposal, HDL removes cholesterol from peripheral cells, such as arterial wall macrophages. Particular subfractions of HDL, such as the pre-␤-HDL fraction, 3 may be especially efficient at mediating cholesterol removal from peripheral cells. HDL cholesterol is then esterified by lecithin:cholesterol acyltransferase, forming cholesteryl esters (CEs). HDL CE is subsequently returned to the liver by 3 distinct pathways. In the first pathway, HDL CE is transferred to triglyceride-rich lipoproteins (TRLs) by cholesterol ester transfer protein (CETP), and then CE-enriched remnants of TRLs are removed from the circulation by receptors in the liver (Figure 1 ). The second pathway involves the selective uptake pathway, ie, the uptake of HDL CEs without concomitant degradation of HDL protein. This pathway was first elucidated by Pittman and coworkers (Glass et al 4 ) and has recently been shown by Acton et al 5 to be mediated by scavenger receptor BI. Finally, there is a pathway that leads to uptake of holo-HDL particles and degradation of HDLassociated proteins such as apoA-I. In part, this pathway may involve the formation of large HDL, enriched in apoE.
The role of CETP in lipoprotein metabolism has been elucidated by human genetic deficiency of CETP. Subjects with homozygous CETP gene-null mutations have massively elevated HDL levels, 3 to 5 times normal. 6, 7 Heterozygotes have moderate but significant HDL elevations of 10% to 30%. Remarkably, 2 CETP gene mutations (an intron 14 gene-splicing defect and an exon 15 [D442G] missense mutation) are found in Ϸ5% to 7% of the general Japanese population. 8 This high mutation frequency allowed us 9 to ask the question: would elevated HDL resulting from a defect in the RCT pathway (ie, CETP deficiency) be associated with protection against CHD? To answer this question, we turned to the Honolulu Heart Program cohort of Japanese-American men. 1 We found that Ϸ6% of these men had CETP gene mutations, which resulted in slightly elevated HDL levels. However, there was an overall excess of CHD in these men. After adjusting for HDL levels and other risk factors, the odds ratio for CHD was Ϸ1.7 in men with CETP gene mutations. The relationship of the mutation to CHD was modified by HDL levels. The entire excess risk of CHD was seen in men with CETP mutations who also had HDL cholesterol levels of 40 to 60 mg/dL, whereas men with HDL cholesterol levels Ͼ60 mg/dL had a lower CHD prevalence, irrespective of the presence of the mutation. The overall implication of these findings is that both HDL levels and the flow of cholesterol through the HDL fraction (ie, RCT) are important in determining atherosclerosis risk. These findings along with a large body of other work 3,10 -12 support the RCT hypothesis. However, this is not the only explanation for the protective role of HDL, because other properties of HDL, such as its antiinflammatory and antioxidant effects, are also likely important. 13, 14 In subjects with CETP deficiency and high HDL levels (Ͼ60 mg/dL), there is a low prevalence of CHD, 9 perhaps because other beneficial properties of HDL counteract the defect in RCT.
In human cross-sectional studies, plasma CETP levels are positively related to VLDL and LDL cholesterol levels. 15 A similar relationship is observed in natural flanking region human CETP-transgenic mice. 16 When the CETP transgene is bred into different backgrounds and the mice are studied while being maintained on atherogenic diets, plasma CETP levels vary over a 15-fold range, and CETP levels are highly correlated with plasma cholesterol levels. This correlation is due to increased transcription of the CETP transgene in the liver and in peripheral tissues as a response to hypercholesterolemia. The promoter elements mediating this response have recently been analyzed by promoter-reporter gene analysis in adipocytes and by preparation of transgenic mouse strains with mutations in the CETP promoter. 17 These studies have revealed that the positive sterol response of the human CETP gene is mediated by a nuclear hormone receptor direct repeat 4 element (ie, with a spacing of 4 nucleotides between the 2 direct repeats). This element is activated by the transcription factors liver X receptor (LXR)-␣ and LXR-␤, which act as heterodimers with retinoid X receptor-␣. LXR-␣ has been shown to mediate upregulation of the cholesterol 7␣-hydroxylase (Cyp7a) promoter by dietary cholesterol. 18, 19 Thus, LXRs may coordinately regulate the CETP-mediated catabolism of HDL CEs in the liver, as well as hepatic excretion of cholesterol by its conversion to bile salts (Figure 2 ).
Biochemical studies as well as analysis of plasma from subjects with genetic CETP deficiency have revealed the existence of a second lipid transfer protein in human plasma. 20 This protein transfers phospholipids but not neutral lipids between plasma lipoproteins. To evaluate the function of phospholipid transfer protein (PLTP) in lipoprotein metabolism, we recently developed PLTP knockout (PLTP0) mice. 21 In wild-type mice, there is rapid transfer of a major fraction of the phospholipids of TRLs into HDL as the TRLs undergo lipolysis. Remarkably, in PLTP0 mice there is an almost complete defect in this transfer process. Moreover, these mice have a major (70%) decrease in HDL phospholipids. There are also approximately proportionate reductions in other HDL components: cholesterol, CEs, and apoA-I. On a high-saturated fat (hydrogenated coconut oil), high-cholesterol diet, these mice accumulate phospholipid, free cholesterol, and apoA-IV-rich vesicular lipoproteins in the IDL-LDL size region (as determined by fast protein liquid chromatography). Detailed analysis indicates that the HDL in PLTP0 mice is protein-rich (primarily apoA-I) and specifically depleted in phosphatidylcholine. 22 With the use of autologous HDL from PLTP0 mice, metabolic turnover studies show a 3-to 4-fold increase in the fractional catabolic rate of HDL protein and CEs. This profile is reminiscent of the defect in Tangier disease, wherein a mutation in ATPbinding cassette transporter 1 results in defective transfer of cellular phospholipids and cholesterol onto apoA-I and an associated hypercatabolism of apoA-I. [23] [24] [25] Because the defect in Tangier disease is more severe than that of PLTP deficiency, PLTP may act downstream of ATP-binding cassette transporter 1 in the HDL maturation process ( Figure 3) .
As a further model to study the catabolism of HDL, we have been investigating HDL metabolism in ob/ob mice. These mice have markedly increased HDL levels due to a defect in hepatic catabolism. 26 Recently, this defect in catabolism has been confirmed by studies on isolated hepatocytes from ob/ob mice. 27 The defect is specific for the uptake of HDL, because the liver clears asialoglycoprotein normally 26 and the hepatocytes take up normal or increased amounts LDL. 27 In wild-type hepatocytes there is extensive binding, uptake, recycling, and resecretion of HDL. A relatively minor amount of HDL protein is targeted to lysosomes for degradation. HDL recycles through the perinuclear endosomal recycling compartment, where it colocalizes with transferrin. Normally, there is significant selective uptake of HDL CE and free cholesterol. HDL binding, uptake, recycling, and selective CE and free cholesterol uptake are impaired in ob/ob mice, even though the levels of scavenger receptor BI mRNA and protein are normal. These studies suggest that HDL recycling plays an important role in HDL catabolism and selective uptake (Figure 4 ). The identity of receptors mediating HDL uptake and recycling in hepatocytes is presently unknown.
A challenge for the future will be to develop therapies that increase HDL levels, enhance RCT, and protect against atherosclerosis. Toward this goal, a deeper understanding of HDL metabolism and its regulation is likely to be helpful. . Uptake and recycling of HDL in hepatocytes of wild-type mice. HDL binds to receptors, such as the scavenger receptor B1 (SRBI), at the cell surface and is internalized. Although a small fraction of internalized HDL passes on to lysosomes and is degraded, most of the HDL is recycled through the endocytic recycling compartment and is then resecreted from the cell. During the recycling process, HDL is selectively depleted of free cholesterol and CE. The recycling of HDL contrasts with the classic LDL receptor pathway, which results in targeting of the major fraction of internalized LDL to lysosomes. In obese (ob/ob) mice, the binding, uptake, and recycling of HDL are defective, leading to increased plasma HDL levels. LR indicates LDL receptor; HR, possible HDL particle receptor. Other abbreviations and acronyms are defined in text.
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